Abstract For aromatic organic radicals, pulsed electron-electron double resonance (PELDOR) experiments at high magnetic fields provide information not only about the distance between the paramagnetic species but also about their relative orientation. However, the three-dimensional biradical structure is encoded in a complex pattern of orientation-selected PELDOR traces and the execution of the experiment is generally aggravated by constraints posed by the available hardware and the intrinsically low modulation depth observed. We present a 94 GHz PELDOR experiment performed with a commercial spectrometer and probe heads that permit separation of pump and detection frequencies up to 150 MHz. The setup is employed to examine the orientation selections on a general case of rigid biradicals with non-collinear g axes. The interacting radicals, a tyrosyl radical (Y 122 Á) located in the b2 subunit and an 3-aminotyrosyl radical (NH 2 Y 731 Á) located in the a2 subunit, are generated by Escherichia coli ribonucleotide reductase with a 3-aminotyrosine (NH 2 Y) site specifically incorporated into a2 in the presence of cytidine 5 0 -diphosphate and adenosine 5 0 -triphosphate. The experimental designs as well as some characteristic features of the observed modulation pattern are discussed.
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Introduction
Pulsed electron-electron double resonance (PELDOR or DEER) spectroscopy has been established over the past few years as a valuable method to obtain distances and their distributions between paramagnetic centers in biological systems [1] [2] [3] [4] [5] . The majority of the experiments have been performed at X-band frequencies, where the electron paramagnetic resonance (EPR) spectra of radicals are mostly dominated by hyperfine couplings and their spectral widths in frozen solutions do not usually exceed 100 G. For instance, the spectrum of a nitroxide spin label has a width of about 75 G and that of a tyrosyl radical (YÁ) about 45 G. With the microwave power available in commercial X-band spectrometers, strongly overcoupled resonators are used to pump and detect at arbitrary positions of the EPR line, and pump pulses as short as 12 ns are routinely employed to cover the largest possible portion of the EPR spectrum to maximize the modulation depth.
At high EPR frequencies (m C 90 GHz) the situation is quite different. The EPR line becomes dominated by the anisotropy of the g-tensor, which scales linearly with the external field. At 94 GHz the EPR spectra of nitroxide and tyrosyl radicals display similar spectral widths (B || g x to B || g z ) of about 125-150 G. On the other hand, current state-of-the-art instrumentation for W-band allows typical microwave p pulses as short as 24 ns, when using impact ionization avalanche transit-time (IMPATT) amplifiers in combination with high-Q cavities [6] , or even shorter if using special 1 kW microwave sources [7, 8] . When using commercial W-band spectrometers that rely on IMPATT technology, it has to be considered that pulse lengths of 24 ns excite only a small fraction of the high-field EPR line and orientational selectivity becomes an intrinsic property of the PELDOR response.
Recently, orientational selectivity in high-frequency PELDOR has been reported and analyzed in detail for three different cases [9] [10] [11] [12] : (1) for rigid amino acid biradicals in proteins, (2) for synthetic nitroxide bi-and triradicals undergoing restricted dynamics [10] , and (3) for a light-induced spin-correlated radical pair [11] . In all three cases the observed modulation traces resulted as a complex function of the pump and detection position in the EPR line, and extensive analysis was required to interpret the data. In the first case we showed that, because of the excellent signal-to-noise (S/N) ratio, from the 180 GHz PELDOR data [12, 13] and the independent knowledge of magnetic parameters (g-tensors, hyperfine couplings and inter-radical distance) we were able to reconstruct a biradical structure (i.e., to determine the relative orientation of the two g-tensors with respect to their interconnecting dipolar axis).
One general requirement of the PELDOR experiment is that the dipolar modulation can be detected only if the pump and observer pulses, respectively, excite each radical belonging to the interacting pair. In contrast with the studies reported at X-band with nitroxide radicals [14, 15] , where the pump pulse excites all orientations and only the probe pulse is selective, at high frequencies both pulses are selective and little or no response will be observed for many combinations of pump and detection frequencies [9] . In the latter case, for a detailed examination of possible orientations and to obtain sufficient constraints in the analysis, the separation between pump and detection frequencies as well as the detection position in the EPR line needs to be systematically varied. However, the available hardware for high-frequency EPR spectroscopy still poses some severe limitations in the experimental procedure. Specifically, the separation of pump and detection frequencies is limited by the high quality factor Q of the resonator. In the experiments reported so far either the frequency separation was kept constant by varying the external field [9, 10] or a field jump technique was implemented [11] .
In this paper, we explore the capability of performing orientation-selected 94 GHz PELDOR on a rigid pair of amino acid radicals with non-collinear g axes. Using new commercial hardware, we record PELDOR traces by varying both the resonant field position at detection as well as the separation between pump and detection frequencies.
The radicals are trapped during the incubation of substrate (cytidine 5 0 -diphosphate, CDP) and allosteric effector (adenosine 5 0 -triphosphate, ATP) with Escherichia coli ribonucleotide reductase (RNR), in which an unnatural amino acid 3-NH 2 Y has been site specifically incorporated in place of Y 731 in the a subunit. One radical, a tyrosyl (Y 122 Á), is located in the b2 subunit and a 3-aminotyrosyl radical (NH 2 Y 731 Á) is located in the a2 subunit. The active RNR complex is a a2b2 pair and one of the radicals is located in one ab pair, while the other is located in the second ab pair. Our previous X-band data indicated that the inter-radical distance is 3.8 nm [16] . The high-field EPR spectrum of a 3-NH 2 YÁ has been recently characterized in detail at 180 and 94 GHz [17] . The availability of a docking model [18] for the a2b2 complex is used to rationalize the observed modulation effects.
Experimental
The experiments were performed on a commercial Bruker pulse W-band spectrometer Elexsys 680 equipped with a Power Upgrade 2 that delivers 400 mW power from the microwave bridge and amplifier. For the PELDOR experiments, we employed two Bruker W-band resonators of the series E600-1021H. The standard high-Q resonator has a bandwidth of 20 MHz, whereas a second one was specially tuned to low-Q with a bandwidth of about 150 MHz. The behavior of the B 1 microwave field through the low-Q resonant mode was measured with transient nutation experiments at T = 10 K. At the minimum of the cavity dip the p pulse was 40 ns as compared to 24 ns with the high-Q setup.
All experiments were performed using the four-pulse DEER sequence [2] and setting the observer frequency in the center of the cavity dip, which accounts for maximal sensitivity at detection. The values of the pump pulse were adjusted for each position of the pump frequency with respect to the cavity dip according to Fig. 2a . The dipolar evolution time T (spacing between the first and the second p pulses in the detection sequence) was selected to be 2.5 ls based on the modulation frequency m \ = 0.8 MHz observed at X-band [16] . However, last 0.5 ls of the time traces had to be cut due to a spectrometer artifact that distorts the baseline. The number of scans acquired varied between 100 and 200 (with 10 shots/pt), depending on the detection position in the EPR line. Due to the low temperature (T & 10 K) required to detect the Y 122 Á in RNR, shot repetition times up to 75 ms were used and Effects in 94 GHz Orientation-Selected PELDOR 541 acquisition times at each field value lasted up to 5 h. To avoid shifts of the microwave mode during the long accumulation time, cryostat and probe head were thermally equilibrated for 2-3 h. The radical pair was generated by mixing a 80-100 lM solution of the E. coli RNR-Y 731 NH 2 Y-a2, with b2 containing 1.1 YÁs, and with CDP and ATP. The reaction was stopped after 30 s, placed in the W-band tube with an outer diameter of 0.9 mm, and the sample was frozen in liquid nitrogen. The yield of the radical pair (NH 2 Y 731 Á and Y 122 Á) was previously estimated to be about 25% of the initial Y 122 Á concentration [16] .
Results and Discussion
The 94 GHz pulsed echo-detected spectrum of the two radicals at T = 10 K is displayed in Fig. 1 . The line shape can be decomposed into the contribution of the single species by recording the spectrum of NH 2 Y 731 Á at 70 K (Fig. 1, dotted line) . At this temperature, the relaxation of Y 122 Á is sufficiently fast that this radical can be filtered out in a spin echo experiment. A separate measurement (before addition of CDP and ATP) gives the spectrum of Y 122 Á as a reference (Fig. 1, dashed line) . The g values are marked, respectively. The g x shift of Y 122 Á (2.0092) is substantially larger than in NH 2 Y 731 Á (2.0052), consequently the low-field side of the 94 GHz spectrum contains exclusively contribution of Y 122 Á. On the other hand, the g y and g z values of the two radicals are very similar (g y = 2.0046, g z = 2.0025) and the two species cannot be distinguished in this spectral region. In Fig. 2 , we display and compare representative PELDOR traces recorded with different experimental conditions. First, we compare the performance of the highversus the low-Q probe head using a frequency separation of 60 MHz (Fig. 2b) .
The detection was set at g y of NH 2 Y 731 Á (field position on the field-swept spectrum: 3352.8 mT, see Fig. 1 ) and the pumping at g z , corresponding to B = 3354.9 mT. Each experiment was optimized for performance. The probe head with the higher quality factor combined with the availability of high microwave power (400 mW) provides better data quality (about twice larger S/N), although the cavity bandwidth is only about 20 MHz. The data indicate that the new commercial experimental setup allows larger frequency separation (Dm = 60 MHz) for PELDOR than reported in previous studies [10] . For this particular frequency separation, the p-pump pulses, measured 60 MHz from the dip center, are comparable in both low-and high-Q resonators (about 80-90 ns). Thus, the high-Q turns out to be the factor providing the best S/N ratio. Both traces exhibit the first maximum of the dipolar evolution function at 0.65 ls (Fig. 2b) . To examine the effect of orientation selection, we first recorded a few traces with detection at the canonical points of the EPR spectrum and employing different frequency spacing, i.e., Dm = 60 and 150 MHz, respectively (Fig. 2c) . We started with selective detection on g x (Y 122 Á) and subsequently shifted the detection versus g y , while pumping at the higher-field side, respectively. We readily noted that no modulation could be observed in any traces until the detection reached g x of NH 2 Y 731 Á, corresponding to the B 0 value of 3350.4 mT (see the field-swept spectrum, Fig. 2a) , where finally some PELDOR modulation becomes visible. These traces are displayed in Fig. 2b and show a modulation frequency close to 1.6 MHz. On the other hand, the traces in Fig. 2c with Dm = 60 MHz and Dm = 150 MHz exhibit the first maximum of the dipolar evolution close to 1.3 ls, corresponding to the modulation frequency m \ = 0.8 MHz. For the bottom trace of Fig. 2c , the modulation depth might be hardly distinguishable per visual inspection but a Fourier transformation (Fig. 2, inset, left) displays the mentioned frequency. Analogous results have been obtained with Dm = 120 MHz (data not shown), keeping the detection on g x (NH 2 Y 731 Á), as described for the previous experiments.
In a second series of experiments we kept the frequency spacing fixed to Dm = 60 MHz and we recorded PELDOR traces as a function of the magnetic field position.
The data are shown in Fig. 3 . Figure 3a shows the original time traces, whereas Fig. 3b shows Fourier transformation of the traces with non-zero modulation after background correction. For each trace, the detection field is indicated. From Fig. 3a , b some interesting features of the orientation selection become visible. Three regions can be distinguished: (1) a region between g x (Y 122 Á) and g x (NH 2 Y 731 Á), in which, as mentioned above, no modulation is observed; (2) a region between g x (NH 2 Y 731 Á) and g y , in which a slow frequency component Bm \ (0.8 MHz) is observed; and (3) a region between g y and g z , in which the parallel component of the dipolar tensor, i.e., m || = 1.6 MHz, is visible.
The data reported in Figs. 2 and 3 show a quite complex pattern of orientation selection that can not be readily analyzed in terms of a biradical structure. A fitting procedure of the time traces in Fig. 3 using a home-written program reported in Ref. [12] was not feasible with arbitrary choices of starting Euler angles that define the orientations of the g-tensors to the dipolar axis. Indeed, the noise level is such that the fit routine (Matlab fmincon) would find only local minima close to the starting parameters. To overcome this problem and find reasonable starting simulation parameters, we examined the orientation of the two tyrosines, Y 122 and Y 731 , in the docking model of a2 and b2 subunits in wild-type E. coli RNR [18] . The structure is depicted in Fig. 4 . We point out that the mutation introduced at position 731 (one proton at C3 of the tyrosine ring is substituted with an amino group) in our system might alter the orientation of this residue in a way that is still unknown. Furthermore, in our experiment the enzyme is trapped in the active state with the essential residues Y 122 and NH 2 Y 731 in the oxidized form, whereas the docking model is composed of the X-ray structures in the resting state. Thus, the structure illustrated in Fig. 4 might give some insight in the possible orientation of the radical pair, but is not identical to it. Figure 4 displays some interesting information that let us rationalize the most prominent features of the orientation selection in Figs. 2 and 3 . First of all, none of the molecular axes between the two tyrosines are parallel. As the g-tensor axes in Y 122 Á and also NH 2 Y 731 Á are collinear with the molecular axes, the two g-tensors are likely non-collinear as well. For this case, the probability of finding pairs of radicals by pumping and detecting at the canonical points of the EPR spectrum should be low, as indeed observed in the weak modulation of Figs. 2 and 3 . Secondly, we examined the orientation of the two tyrosines with respect to the vector r, interconnecting the respective phenolic oxygen atoms. The direction of this vector should approximate the direction of the dipolar vector that in a point-dipole approximation connects the center of gravity of the spin densities. For Y 122 , the vector r lies almost in the X/Z plane, forming an angle of 53°with the X axis. This angle accidentally almost matches the magic angle (54.74°), an angle between the external field and the dipolar vector, for which the dipolar frequency becomes zero. As a consequence, when the external field is parallel or close to X and thus g x of Y 122 Á, no modulation frequency might be observable. This hypothesis is in agreement with the experimental data in Figs. 2 and 3 , which show no modulation for any selective detection in the g x region of Y 122 Á. For Y 731 , r forms an angle of 73°with X and angles of 40°and 50°with the Y and Z axes, respectively. With the same argument provided for Y 122 , as the latter angle is close to the magic angle, detection of NH 2 Y 731 Á at field positions close to g z might lead to no detection of dipolar modulation. The orientation of the two tyrosines in Fig. 4 was used to test a simulation of the time traces in Fig. 3 . All parameters have been independently established that determine the EPR line shape (hyperfine and g-tensors) [17] , the pulse excitation bandwidth as well as the dipolar tensor [16] . Our simulation program thus requires only five input parameters, which define the Euler angles of two consecutive rotations. First we rotate the g-tensor of radical 2, here Y 731 , into the dipolar tensor (rotation denoted as R d 0 in Ref. [12] ); second, the dipolar tensor into the g-tensor of radical 1, rotation denoted R d . Our PELDOR experiments at X-band had shown that the width of the distance distribution is only about ±1.2 Å and could be safely neglected in this analysis. The orientations displayed in Fig. 4 
Conclusions
We have reported the observation of 94 GHz orientation-selected PELDOR for a rigid radical pair with non-collinear g axes. For this case, PELDOR frequencies corresponding to both components of the dipolar tensor m \ and m || could be detected only in a very limited spectral region between the g y and g z values. Furthermore, the orientation of the dipolar vector with respect to the g-tensor played key role as well. If the angle of the dipolar tensor with one of the g axes approaches the magic angle (54.74°), no modulation effect is observed for the external field parallel to this particular g axis direction, as we observed here.
Although our experiments were performed with state-of-the-art commercial hardware for 94 GHz EPR, a quantitative analysis was still limited by the S/N ratio obtained. A simulation with orientation parameters from the docking model of the X-ray structures to reproduce the data satisfactorily, using a global fitting procedure to find an optimized biradical structure, was not feasible.
The S/N ratio is a critical issue when dealing with biological samples at low spin concentrations as in this example. One possibility to improve the S/N ratio consists in optimizing the efficiency of the pump pulse, which is currently limited by the high-Q of standard single-mode cylindrical cavities used in pulsed high-frequency EPR. Work in our group is in progress to construct a new bimodal resonator suited for PELDOR experiments.
Nevertheless, the current work provides one more example for the feasibility of high-frequency PELDOR and represents a further step toward the application of PELDOR spectroscopy in structural determination of biological systems.
